Arterialized venous blood was used to investigate maternal acid-base state during the first and second stages of normal labour. During labour the range of values obtained for acid-base variables is wide but patterns are discernible. At the beginning of labour Pco, was lower than it is in non-pregnant subjects, and the pH was higher despite a substantial base deficit. At the end of the first stage the Pco 2 declined, the base deficit increased, and blood pH rose slightly. There were further changes in the second stage but these were quite small. The use of various drugs and of epidural analgesia in the first stage had litde effect on Pco., though the use of premixed nitrous oxide and oxygen in the Entonox apparatus resulted in a slightly increased degree of hyperventilation.
During pregnancy there are deviations in acidbase state from what is regarded as normal in the absence of pregnancy and these deviations seem to be most marked in labour (Prowse and Gaensler, 1965) . The recently developed techniques enabling acid-base studies to be performed on the foetus during labour appear to be acquiring a useful place in clinical management (Saling and Schneider, 1967) and the realization that there may be a mutual influence between mother and foetus in respect of acid-base variables has stimulated further interest in maternal acid-base state.
Recent work, which will be briefly reviewed later, suggests that in labour maternal blood carbon dioxide tension is low and that there is a concomitant base deficit. Despite this general agreement over the qualitative nature of the changes, however, there is dispute over their extent, and there is thus an obvious need for further investigations in this field.
The present study represents an attempt to clarify the problem by investigating fit women in the first and second stages of normal labour. Attention was primarily directed towards blood pH and carbon dioxide tension, since these variables could be determined accurately and directly. An attempt was also made to assess the metabolic component of the acid-base state by estimating base deficit by an interpolation technique (Siggaard-Andersen et al., 1960) . The quantification of the metabolic component in this way must, however, be regarded with caution. Thus PrysRoberts, Kelman and Nunn (1966) concluded that under anaesthesia changes in standard bicarbonate and base deficit occurring in response to changes in Pco 2 may not, in fact, represent true changes in the metabolic component, and the situation in labour may be similar. Moreover changes in serum carbonic acid pK' x may occur when there is an acute change in clinical condition (Trenchard, Noble and Guz, 1967) and the possibility of such a change in labour throws further doubt on the validity of measurements of standard bicarbonate and base deficit. For these reasons attention in this paper is primarily directed to changes in blood pH and carbon dioxide tension determined, directly.
There is virtually no information in either the obstetric or anaesthetic literature about the effect of the administration of analgesic drugs on maternal blood carbon dioxide tension. As these drugs are often administered in doses which would be considered likely to produce respiratory depression in, for example, postoperative patients, it was thought that the method of analgesia might be an important factor in determining blood Pco 2 . For this reason an attempt was made to assess the effect of the forms of analgesia routinely used in clinical practice in the hospital in which the investigation was performed. The results obtained have been reported briefly elsewhere (Fadl and Utting, 1968) but as they are an integral part of this study the salient points are repeated in this paper.
METHODS

Patients.
Investigations were conducted on fit volunteers in normal labour. The criteria adopted for considering the labour to be normal were virtually the same as those selected by Beard and Morris (1965) in their study on maternal and foetal acidbase balance. Thus all the patients in the present series had uncomplicated pregnancies and the onset of labour was between the 38th and the 42nd weeks. On clinical grounds uterine contractions during labour were considered to be normal, and there was no meconium staining of the liquor amnii and the condition of the foetus at birth was good (Apgar score of 9 or 10; Apgar, 1953) . In patients in whom epidural analgesia was established (vid. inf.) delivery was usually with forceps because of failure of adequate expulsive efforts in the second stage: it is not, however, considered that this is an abnormality of labour with this type of analgesia. No intravenous fluid therapy was given to any patient though they were allowed, but not encouraged, to take fluids by mouth during the entire first stage of labour. It was found impossible, except in a relatively small number of cases, to follow patients through the entire first and second stages of labour and in most cases samples were taken for only part of this time in order to study some particular aspect of acid-base change.
The entire first and second stage of labour was studied in 17 patients. The results from these formed the basis of a statistical comparison of the acid-base data obtained at the beginning of the first stage and at the end of the first stage, and the numbers available for comparison were augmented by using the results from 6 further patients (obtained from the study of the use of analgesic techniques in the first stage). Similarly these 17 patients enabled a statistical comparison between the end of the first stage and the second stage, and the results were here augmented by the results from a further 5 patients (obtained from the study into the effect of uterine contractions and inhalational analgesia on acid-base state).
The effect of analgesic techniques in the first stage of labour was studied in 38 patients. Samples were taken every 5-40 minutes after analgesic drugs had been given or epidural analgesia established, and sampling continued for 4 hours or more, unless the period was cut short because the use of inhalational analgesia was commenced when the first stage was nearly at an end. A number of patients refused analgesia when it was offered to them and, for the purposes of comparison, samples were taken from them exactly as though analgesia had been accepted. An attempt was made to determine the effect of uterine contractions on acid-base state in 25 patients most of these being included in the groups outlined above. Samples were taken before and during three successive uterine contractions at various times during labour, and the values obtained during contractions were averaged, as were the values obtained between contractions; it is these mean values which are presented in the results. In addition, in these patients an attempt was made to evaluate the effect of the Entonox apparatus (see later) by comparing a group using this form of analgesia at the end of the first stage of labour with a group who were not offered this form of analgesia by the midwife taking the case. In all, samples were taken from 48 patients in normal labour, but in addition in 4 patients who were originally intended for inclusion in this study some abnormality developed during the course of labour. The results from these patients seemed worth recording briefly in the section on results.
Though it was not the intention to study pregnant patients other than those in labour, results were obtained from 10 patients in the last trimester of pregnancy for the purposes of comparison, as were results from 10 non-pregnant subjects (5 males and 5 females), these values being obtained during the time the present study was in progress.
Analgesia.
The analgesic regimen investigated was that in routine use in the labour ward at the Liverpool Maternity Hospital. The investigators neither influenced the form of analgesia used nor did they comment on it.
Analgesia was commenced in the first stage of labour only when the cervix was 2-3 fingers dilated, there were strong, regular contractions and labour had become frankly painful.
It is possible to divide the patients into four groups:
(1) No analgesia (9 patients). Those patients, both primigravidae and multigravidae, refused analgesia when it was proffered to them.
(2) Morphine and pethidine (10 patients). Analgesia for primigravidae was usually provided by morphine 15 mg given together with pethidine .100 mg intramuscularly; in addition half the patients in this group received quinalbarbitone sodium 180 mg by mouth at the same time. If labour was prolonged an additional intramuscular dose of pethidine (100 mg) was given not less than 4 hours after the morphine and pethidine had been given.
(3) Pethidine alone (10 patients). Multigravidae were normally given pethidine 100 mg intramuscularly-this dose being repeated if necessary at intervals of not less than 4 hours.
(4) Lumbar epidural analgesia (9 patients). This was administered only to primigravidae. Suitable cases were given this form of analgesia if an anaesthetist was available, if no anaesthetist was available the morphine-pethidine regimen was used.
Bupivacaine 0.5 per cent with adrenaline 1/200,000 was used in this series. The initial dose was 4 ml and an indwelling catheter was inserted to enable additional analgesic to be administered should pain reappear. The aim was to produce a sensory block (as tested by pin-prick) to between the level of the tenth thoracic and second lumbar segments. No readings are included from any patient in this series in whom relief of pain was incomplete during the first stage though some had pain in the second stage and pain relief was supplemented with the Entonox apparatus.
Entonox apparatus.
At the end of the first stage of labour, when pain was most acute, recourse was usually made to inhalational analgesia using the Entonox apparatus (British Oxygen Company Ltd.) . This is a premixed gas device delivering 50 per cent nitrous oxide in oxygen on demand (Tunstall, 1961; Gale, Tunstall and Wilton-Davies, 1964) . The patient was instructed to breathe deeply from the apparatus as soon as she felt each uterine contraction commencing and before the contraction was appreciated as painful.
As soon as analgesia with the Entonox was commenced the study on the first four methods of analgesia was terminated.
Blood sampling.
"Arterialized venous" blood from the back of the hand (Brooks and Wynn, 1959) was used throughout the investigation as it was not considered desirable to subject the patients to a prolonged period with an arterial cannula in position. As peripheral vasodilatation with high cardiac output and high peripheral blood flow occurs during pregnancy and labour (Kerr, 1968) blood from the back of the hand is virtually arterialized without there being need for applying heat. Nevertheless the hand was enclosed in a small electric heating pad throughout the time samples were taken and blood was taken without constricting the wrist. The conditions could, therefore, be considered "ideal", and excellent agreement can be assumed between arterial and arterialized venous blood (Harrison and Galloon, 1965) . A check on the arterialization of the blood was made by determining the oxygen tension of the samples; in all cases this was greater than 80 mm Hg.
A small cannula (Angiocath; Bard Davol Ltd.) was placed in a vein at the back of the hand and was kept in situ during the period in which samples were taken. To prevent clotting after each sample had been taken the cannula was flushed with a little normal saline to which heparin (5,000 i.u./l.) had been added, the deadspace of the needle being voided before each sample was taken. Estimation of the acid-base state was commenced within 5 minutes of taking the sample and corrections were made for temperature change, etc., along the lines indicated by Kelman and Nunn (1966) .
Samples were taken at intervals of 5-40 minutes. It was found that during the first stage of labour up to the time at which full dilatation was approaching (end of the first stage) the values obtained for blood pH and Pco, were very constant in each patient. Thus the difference in blood carbon dioxide tensions obtained in the 4 hours after analgesics had been given varied by only 0-4 mm Hg (average 1.6 mm) in each patient. In these circumstances it was felt reasonable to present mean figures in the results. The second stage varied in duration between 5 and 135 minutes. Except when the second stage was short more than one sample was taken and, as with the first stage, mean values are given. In all cases samples were taken at a time between uterine contractions except in the part of the study designed to assess the effect of contractions, and of the use of the Entonox apparatus.
Blood gas estimations.
All acid-base estimations were performed at 37°C using Radiometer equipment (Radiometer Corp., Copenhagen).
The pH electrode was calibrated daily and more frequently using Radiometer buffer solutions (S1500 and S1510) and similar phosphate buffers made up in the laboratory (Mattock, 1959) , the first being used as the primary standard. The correlation between these was excellent; when the primary standard was used all buffers gave readings within 0.005 pH unit of their expected values.
The carbon dioxide electrode was calibrated daily and more frequently in the gaseous phase using three mixtures of carbon dioxide in oxygen (approx. 2, 4 and 8 per cent). These were analysed in the Lloyd-Haldane apparatus.
Tonometry was performed using the standard Radiometer equipment in the usual way. The gas mixtures used were the two higher concentrations used to calibrate the carbon dioxide electrode (approx. 4 and 8 per cent). It was not found possible, however, to perform tonometry on every sample taken and on many samples only blood pH and Pco, were determined. The results were plotted on the (curvilinear) nomogram of Siggaard-Andersen (1962) .
There are thus available for comparison two methods of determining blood carbon dioxide tension, direct (by the carbon dioxide electrode) and indirect (by tonometry after the method of Siggaard-Andersen and associates (I960)). In the first 100 estimations there was an average difference of 0.4 mm Hg between the two methods (the interpolation method giving the higher results). Assuming the direct method was correct the standard deviation of the error of the indirect method was 1.0 mm Hg. In all cases Pco, values given in the section on results are from the direct method. 
Method of analgesia
Pethidine; Entonox Pethidine; Entonox Pethidine; Entonox Pethidine; Entonox Epidural M=multigravidae; P=primigravidae.
RESULTS
The results from the 17 patients followed throughout the entire first and second stages of normal labour are shown in table I, and clinical details of these patients are presented in table II (patients 1-17). Blood carbon dioxide tension declined at the end of the first stage of labour and there was a highly significant difference between the Pco 2 values at the beginning and the end of the first stage (<0.01), although the change in mean Pco 2 is small (about 4 mm Hg) and may be of little or no physiological importance. There is also a significant difference between the Pco 2 values at the beginning of the first stage and the second stage (P<0.01) but there is no significance, at the customary levels of confidence, between the Pco 2 levels at the end of the first stage and in the second stage.
Inspection of table I also shows that in this series the mean base deficit increased as labour progressed. The. mean increase in base deficit from the early first stage of labour to the end of the first stage and the second stage is significant (P<0.01) but the increase in the mean values for the end of the first stage and the second stage is not significant at the usual level of confidence (0.2<P<0.5), although in some cases (e.g. case 2) there were apparently very rapid changes in base deficit in the second stage.
Mean blood pH was higher at the end of the first stage than at the beginning of the first stage and in the second stage; these differences are significant (P<0.01 in each case).
As indicated in the section on methods it was possible to compare values for blood pH and Pco 2 at the beginning of the first stage, end of first stage and second stage in a rather larger series than the 17 patients followed throughout labour. The •results from this series are shown in table III; the differences indicated above are amplified and confirmed.
That the acid-base values obtained from patients in labour are different from those in nonpregnant subjects and patients in the last trimester of pregnancy is shown by comparing tables I and III with table IV. Blood Pco 2 was lower in patients in the last trimester of pregnancy than it was in non-pregnant subjects, and in patients in labour it was lower still. Even in the early first stage of labour there was a substantial base deficit but there was virtually none in non-pregnant subjects and little in the last trimester. Though there is considerable overlap in values the mean blood pH was slightly higher in patients in the last trimester than in patients in labour.
Inspection of the results obtained from the investigation in the first stage of labour into the different methods of analgesia used in the study (table V) shows that the difference in blood carbon dioxide tension between the group with the highest mean values (those receiving morphine and pethidine together) and the group with the lowest (those receiving epidural analgesia) was only 3.8 mm Hg.
Data on the effect of uterine contractions and the use of the Entonox apparatus on maternal blood pH and Pco 2 are summarized in table VI. It can be seen that there was no change in these variables between and during contraction in the early first stage of labour, and at the end of the first stage in those not using the Entonox. In those using the Entonox at the end of the first stage, however, there was a significant difference in the values obtained before and during contraction both for pH and Pco 2 , the pH being higher and the Pco 2 lower during contraction. Moreover the blood pH was higher and the blood Pco 2 lower in those patients using the apparatus than it was in those not using it, both during contractions and between them.
In the second stage of labour the blood Pco, rose and the blood pH fell during uterine contractions during which the patient was making active expulsive efforts. Both these changes are probably significant.
The limitations of this part of the investigation will be readily appreciated. It is impossible, for example, to be sure that the values obtained for PcOo during uterine contraction represent the lowest levels which were actually attained. Moreover during bearing-down there may be a degree of venous stasis which makes the use of arterialized blood invalid. Nevertheless, it seems reasonable to conclude that the use of the Entonox apparatus may be associated with a decreased blood Pco, both between and during contraction when the apparatus is used in the late first stage of labour.
The results from only one of the 4 patients who developed some abnormality during the course of labour can be considered normal.
In this patient a forceps delivery was performed for foetal distress; acid-base data were well within the normal range indicated in tables I and III. The effect of analgesia in the early first stage of labour. The weights of patients in group (2) was between 58 and 94 kg and in group (3) between 59 and 86 kg.
Method of analgesia P=primigravidae; M=multigravidae. Difference in pH and Pco 3 probably both significant pH (P 0.02<P<0.01) Pco, (P 0.05<P<0.02) A second patient insisted on breathing hard from the Entonox apparatus both between and during contractions in the late first stage of labour. The machine was disconnected without the patient's knowledge and she was left breathing from the facepiece and metal attachment. After half an hour her blood Pco 2 had risen from 22.7 to 36 mm Hg, a rise which is without parallel in the series. Shortly after the last sample was taken a forceps delivery had to be performed for foetal distress.
In a third patient very low values for Pco 2 were obtained in the late first stage of labour when the patient was using the Entonox (13 mm Hg; pH 7.630); foetal distress developed and Caesarean section was performed. At operation the cord was found to be tightly wound round the foetal neck.
In the last patient forceps delivery was performed for both foetal and maternal distress. The maternal blood Pco 2 at the time distress developed was 12.5 mm Hg (pH 7.540); this patient was also using the Entonox apparatus.
DISCUSSION
When the mean values obtained from samples taken between uterine contractions at different times during labour are considered, certain generalizations can be made. First, blood pH is higher in labour than it is in non-pregnant subjects, and the highest blood pH is found towards the end of the first stage. Secondly, blood Pco, is lower throughout labour than it is in non-pregnant subjects and it reaches its lowest level towards the end of the first stage, rising slightly in the second stage when, however, it is still lower than at the beginning of labour. Thirdly the base deficit increases as labour progresses. The acid-base variables of women in labour, however, show a much wider range of values than is found in fit non-pregnant subjects and in patients in the last trimester of pregnancy, and figure 1 demonstrates this fact with respect to blood pH and Pco 2 .
This variation must be kept in mind when considering the acid-base data from any individual patient and when comparing work by different investigators. A comparison of some recent investigations into maternal acid-base state is given in table VII. It can be seen that there is reasonably good general agreement, and that in some cases there are obvious reasons for discrepancies. For example, the correlation of the results of the present study with those of MacRae and Palavradji (1965) is clearly very good, though Cosmi and Marx (1968) Crawford (1965) MacRae and Palavradji (1965) Moya et al. (1965) Newman, Braid and Wood (1967) Newman, Mitchell and Wood (1967) Reid (1966) Sjostedt ( Samples taken prior to administration of anaesthesia or analgesia  higher base deficits when Apgar score 0-3 FD = full dilatation of cervix.
these workers were concerned more with pregnancy as a whole and paid relatively less attention to labour itself. The lower values for blood pH and higher values for blood Pco 2 obtained by Beard and Morris (1965) , are doubtless due to the use of venous blood by these investigators. The widely different analgesic techniques investigated in the first stage of labour made little difference to maternal blood carbon dioxide tension. This fact would seem to suggest that pain is not a primary determinant of maternal Pco 2 , and in this respect it is interesting to note that epidural block which was the only form of analgesia giving complete relief of pain was associated with the lowest mean value for maternal blood carbon dioxide tension. This finding would appear to be contradictory to that of Fisher and Prys-Roberts (1968) who showed that Pco 2 rose slightly after epidural blockade was established in labour. These workers, however, took samples during the period of uterine contraction and their results are not, therefore, directly comparable with those of the present investigation. It would seem, indeed, that the primary determinant of blood carbon dioxide tension in the early first stage of labour is the physiological process of labour itself, and that the effect of analgesic regimens, though appreciable, is secondary in importance to this. Moreover the fact that the maternal Pco, may still be low during labour when the patient is asleep or dozing, would argue that fear and apprehension are not the major cause of hyperventilation.
It must be emphasized that though the mean blood carbon dioxide tensions obtained from primigravidae and multigravidae during the first stage of labour were closely similar (30.6 and 29.7 mm Hg respectively) the present study does not preclude the possibility of there being a basically different blood carbon dioxide tension between these two groups which has been made to appear similar by the effects of the different methods of analgesia used.
It is possible that the last of the cases whose labour terminated abnormally may indicate an adverse effect of excessive maternal hyperventilation on the foetus, an effect which has been suggested by various workers (Morishima et al., 1964; Moya et al., 1965; Motoyama et al., 1966) but questioned by Coleman (1967) . It is also possible that sometimes maternal distress may be caused or exacerbated by excessive pulmonary hyperventiktion (e.g. due to panic). One of the cases reported by Reid (1966) indicates that a very low alveolar carbon dioxide tension (14.9 mm between contractions) is compatible with the normal delivery of a normal foetus. Nevertheless the finding of an extremely low Pco, in a woman in labour can hardly be viewed with equanimity, since harmful effects are a possibility for both mother and child.
It may, therefore, be of some importance that maternal blood carbon dioxide tension is lower in those using the Entonox in the late first and second stages of labour than in those who are not given the apparatus. Any method of analgesia which is based on self-administration involves the relationship between the apparatus, the patient using it and the midwife or doctor instructing the patient in its use. To the woman in painful labour it may have some of the properties of a talisman and the idea is quickly engendered that the more enthusiastically it is used the greater will be the relief obtained, a situation which calls for careful handling of the patient by the individual supervising her labour. This is not, of course, a reason for abandoning this method of analgesia but rather an indication for using it with care and discretion.
Present knowledge of the mechanism of acidbase changes in pregnancy and labour has been well reviewed by Prowse and Gaensler (1965) who elaborate on the possibility of there being a hormonal basis for the changes encountered.
The cause of the metabolic acidosis has not been fully elucidated. It obviously results, however, in a lower blood hydrogen ion concentration than would occur in its absence. This would seem to be fortunate since it appears to protect the mother against the development of tetany, a condition which would otherwise probably be a frequent finding in labour.
